Strongly correlated iridate pyrochlores with geometrically frustrated spins have been recognized as a potentially interesting group of oxide materials where novel topological phases may appear. A particularly attractive system is the metallic Pr2Ir2O7, as it is known as a Fermi node semimetal characterized by quadratic band touching at the Brillouin zone center, suggesting that the topology of its electronic states can be tuned by moderate lattice strain. In this work we report the growth of epitaxial Pr2Ir2O7 thin films grown by solid-state epitaxy. We show that the strained parts of the films give rise to a spontaneous Hall effect that persists up to 50 K without having spontaneous magnetization within our experimental accuracy. This indicates that a macroscopic time reversal symmetry (TRS) breaking appears at a temperature scale that is too high for the magnetism to be due to Pr 4f moments, and must thus be related to magnetic order of the iridium 5d electrons. The magnetotransport and Hall analysis results are consistent with the formation of a Weyl semimetal state that is induced by a combination of TRS breaking and cubic symmetry breaking due to lattice strain.
INTRODUCTION
The search for novel topological phases in strongly correlated electron systems is one of the frontiers of modern condensed matter physics. In this context, the 5d electron systems are particularly well suited because the strength of the Coulomb interaction and the spin-orbit coupling are of similar orders of magnitude [1] , possibly giving rise to novel electronic phases such as a magnetic Weyl semimetal [2] , a topological Mott insulator [3] , or a Weyl Mott insulator [4] state. Moreover, non-collinear or non-coplanar spin textures in chiral magnets have been shown to induce a large Berry curvature, leading to the appearance of topological or unconventional anomalous Hall effect (AHE) [5] [6] [7] [8] .
Pyrochlore iridates R 2 Ir 2 O 7 (where R is a lanthanoid or yttrium) are interesting from both points of view, having an iridium 5d electron system and non-collinear or non-coplanar spin texture due to the geometrically frustrated magnetism in both 5d and 4f electron sectors [1, 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The electronic transport of pyrochlore iridates varies from metallic to nonmetallic as the R 3+ ionic radius decreases [1, 19] . A metal-insulator transition occurs in almost all compounds in this series, except for R = Pr, which has the largest ionic radius: Pr 2 Ir 2 O 7 remains metallic down to the lowest experimental temperatures [15] . Moreover, unconventional magnetotransport is observed due to the coupling between the 5d conduction electrons and the frustrated 4f moments on the pyrochlore lattice [5, 9, 15, 16] . The Pr 4f moments are located at the vertices of the pyrochlore lattice with an Ising anisotropy along the 111 direction. No long range magnetic order is observed down to the lowest measurement temperature as a ferromagnetic coupling (J ∼ 0.7 K) between the Ising 4f moments leads to a frustrated spin ice state with a local 2-in-2-out structure [9, 15] . Furthermore, the system shows a spontaneous Hall effect, i.e., AHE without spontaneous magnetization or external magnetic field between 0.3 K and 1.5 K [5, 9] . The AHE is most likely topological, originating in the spin chirality generated by a 2-in-2-out non-coplanar spin ice configuration below the spin ice correlation scale of 2J ∼ 1.5 K. This spin configuration is consistent with the observed anisotropic magnetotransport, i.e., the non-zero remnant Hall resistivity that reaches a maximum when a magnetic field is applied along the [111] direction [16] , indicating that the cubic symmetry should be broken likely by the scalar chirality order of 4f moments in the spin liquid state.
More recently, paramagnetic band calculations suggest that Pr 2 Ir 2 O 7 has a Fermi node, formed by quadratic band touching of the doubly degenerate valence and conduction bands at the Γ point at the Fermi level (E F ) [17, 18] . In the stoichiometric Pr 2 Ir 2 O 7 system, the charge neutrality locates E F exactly at the node but any off-stoichiometry may dope electrons (holes) in the conduction (valence) band. The presence of the Fermi node near the Fermi energy has been experimentally observed by angle-resolved photoelectron emission spectroscopy [17] . This nodal state indicates that Pr 2 Ir 2 O 7 is sensitive to perturbations and may host various topological phases [17, 18] . In particular, it has been predicted that by breaking the cubic symmetry and/or TRS, the nodal state can be converted to a topological insulator or a Weyl metal state [17, 18] . In contrast to vigorous theoretical studies, experimental observations of the topological phases developed from the nodal state remain elusive. [15] ) is larger than that of YSZ (2a = 10.278Å), an epitaxial thin film may be expected to be compressively strained biaxially in the in-plane direction, which leads to tensile strain along the surface normal [111] direction (Experimental).
EXPERIMENTAL Sample fabrication
Pyrochlore Pr 2 Ir 2 O 7 thin films were fabricated on YSZ(111) single crystal substrates using pulsed laser deposition (PLD) at room temperature followed by solid phase epitaxy. Prior to deposition, the YSZ substrates were annealed in an electric furnace at 1250
• C for 2 hours in air to obtain atomically flat step-and-terrace surface [20] . The PLD target was prepared by mixing polycrystalline Pr 2 Ir 2 O 7 and IrO 2 powders, giving a 1:2 Pr/Ir ratio to compensate for the loss of Ir in the PLD process due to the high volatility of Ir oxides [21] . The mixed powder was compacted into a pellet by spark plasma sintering (SPS) at 900
• C for 10 minutes under an applied pressure of 100 MPa in an Ar atmosphere of 0.03 MPa. A KrF excimer laser (Tui Laser, λ = 248 nm) was used to ablate the sintered Pr-Ir-O target. The laser fluence and repetition rate were set to 0.65 J/cm 2 and 5 Hz, respectively. The deposition was done at room temperature at an oxygen pressure of 10 mTorr. After deposition, the films were crystallized by post-annealing in an electric furnace at 1000
• C for 1.5 hours in air. The film thickness was 100 nm as measured with a stylus profilometer (DEKTAK, Veeco).
Characterization
The crystal structures of the samples were analyzed by XRD (SmartLab, Rigaku). Hall bars for transport measurements were fabricated by mechanical diamond milling. Microwedge samples for high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) observation were cut from the central parts of the Hall bars by focused ion beam (FIB) milling after transport analysis. Resistivity and magnetotransport measurements were done in a physical property measurement system (PPMS, Quantum Design) and a toploading dilution refrigerator (Kelvinox, Oxford) above and below 1 K, respectively. For measurements below 1 K, the sample was directly loaded into the cryostat mixing chamber to ensure a homogeneous temperature at the film surface. The measurements were performed by standard low-frequency (13 Hz) ac lock-in technique with an excitation current of 10 nA ( Fig. 2(b) ) or 100 nA (Figs. 3(a), 3(b), and 3(d)). Magnetization curves were obtained by using a superconducting quantum interference device magnetometer (MPMS, Quantum Design). The substrates did not affect the transport and magnetic measurements because YSZ is a good insulators and nonmagnetic.
RESULTS
Crystal structure analysis 77 Ir (red) columns are brighter than the 59 Pr (blue) columns. The contrast between the two columns in the STEM image shows that the atomic arrangement in the film matches the expected atomic arrangement of an ordered pyrochlore lattice illustrated in Fig. 1(c) . The insets of Figs. 1(d) and 1(e) show diagonal parallel lines connecting neighboring atom positions. At the interface, each line in the film continuously extends into the substrate, showing that the atom row spacings at the interface and the grain surface are identical and there are no misfit dislocations at the interface in the STEM imaging area. The STEM image thus proves that at least some grains in the Pr 2 Ir 2 O 7 film are locked to the YSZ substrate and not fully relaxed, as is also suggested by the peak shoulder in the XRD reciprocal map (Supplemental Fig. S1 [22] ). Such locked grains are coherently grown from the interface to the grain surface. The lattice mismatch of the film relative to YSZ is +1.15%, which corresponds to a tensile strain of 2.31% along the [111] direction when the film lattice is in-plane locked to YSZ.
Temperature dependence of the longitudinal resistivity Figure 2 (a) displays the temperature dependence of the longitudinal resistivity of a Pr 2 Ir 2 O 7 thin film measured in zero magnetic field (ρ xx (0 T)). The resistivity decreases monotonically as the film is cooled down from room temperature, indicating metallic conductivity. The carrier density at 2 K is estimated to be 1.75×10 20 cm −3 , suggesting that a slight off-stoichiometry causes hole doping in the valence band and shifts E F by 18 meV (see Supplemental Fig. S2 [22] ). A resistivity minimum appears at 47 K, followed by a nondivergent upturn when approaching 0 K. The behavior is similar to the one reported for bulk Pr 2 Ir 2 O 7 [15] . However, a closer look at the lowest temperature region in Fig. 2(b) shows that there is a small suppression below about 700 mK. This anomaly can be attributed to Q = (001) antiferromagnetic order of the Pr 4f moments [24] as discussed later.
Compared to the single crystalline bulk case [15] , the absolute value of ρ xx (0 T) is about one order of magnitude higher in the thin film, mostly due to grain boundary scattering. Although off-stoichiometry due to Ir volatilization is conceivable, it has been reported that an Ir loss of more than a few percent drastically changes the temperature dependence of ρ xx (0 T) [25] . Specifically, the temperature of the resistivity minimum shifts to 20 K in the Pr-rich phase and the resistivity behavior below 4 K is quite different from the stoichiometric case, showing a sharp metallic decrease due to a large number of doped carriers, rather than the nearly temperature-independent behavior seen here. It is therefore most likely that the uniform increase of ρ xx (0 T) is an intrinsic property of the nearly stoichiometric Pr 2 Ir 2 O 7 film. Similar features in the temperature dependence of ρ xx (0 T), i.e., a minimum and nondivergent upturn to- wards 0 K have been observed in other metallic pyrochlore iridates [11, 12, 15] . However, the origin is still controversial. One possibility is the Kondo effect, as discussed in the context of bulk Pr 2 Ir 2 O 7 [15] for the interaction of Ir 5d conduction electrons with the localized Pr 4f magnetic moments. In contrast, theoretical calculations have also suggested the possibility of a non-Kondo mechanism [26] . In this scenario, conduction electrons are elastically scattered by a geometrically frustrated spin-ice-like correlation that develops as the temperature is lowered. The computed results have been compared with experimental data on Pr 2 Ir 2 O 7 [15] , reproducing the main features of the resistivity, specific heat, and magnetic susceptibility. Finally, the resistivity upturn may be related to the quadratic band touching that is a unique characteristic of the Pr 2 Ir 2 O 7 band structure [17, 18] .
Hall effect measurements
The most striking feature was found in the magnetic field (B) dependence of the Hall resistivity (ρ xy (B)) shown in Figs. 3(a) and 3(b) (Supplemental Fig. S3 for the data above 2 K [22] ). Similarly to the bulk case, ρ xy (B) exhibits a hysteresis loop near zero field. However, a non-zero spontaneous Hall resistivity at zero field, ρ xy (0), persists up to T H ∼ 50 K, much higher than the onset temperature (T H ∼ 1.5 K) for the bulk. As shown by the temperature dependence plot in Fig. 3(c) , T H ∼ 50 K coincides with the ρ xx (0 T) minimum temperature, below which the spontaneous Hall resistivity increases down to 700 mK. A slight reduction is seen below 700 mK most likely due to the Q = (001) order that sets in at around 700 mK, as will be discussed below.
In contrast, no hysteresis was found in the magnetization curve at an experimental resolution of ∼0.001 µ B . A typical result at 2 K is shown in Supplemental Fig. S4  [22] . Thus, our Pr 2 Ir 2 O 7 thin film exhibits a spontaneous Hall effect without magnetic field and at zero magnetization within our experimental accuracy. Thus, the spontaneous Hall effect should not be caused by the conventional AHE related to ferromagnetism, but by the unconventional one due to a non-coplanar or non-collinear spin texture, namely, a spin liquid state or antiferromagnetic order, similarly to bulk Pr 2 Ir 2 O 7 [9] . Interestingly, the onset temperature scale, T H ∼ 50 K, is too high for the exchange coupling (J ∼ 0.7 K) among Pr 4f moments. Thus, the spontaneous AHE should most likely come from the magnetic order formed by Ir 5d electrons. Possible appearance of a magnetic order has been theoretically predicted for pyrochlore iridate thin films [27] .
Transverse magnetoresistance
We now turn to the low temperature magnetism due to Pr 4f moments. The magnetotransport characteristics of the Pr 2 Ir 2 O 7 thin film are shown in Fig. 3(d) . The transverse magnetoresistivity (MR) decreases initially as the magnetic field increases from 0 T, indicating that magnetic moments become partially aligned along the magnetic field, [111] direction (Fig. 3(d) ). The negative MR only appears below 50 K, where ρ xx (0 T) passes a minimum (Supplemental Fig. S5 [22] ). With further increas-ing field, the MR becomes positive across a field ∼1-2 T. Based on bulk Pr 2 Ir 2 O 7 magnetization measurements [9] , this crossover field can be associated with a metamagnetic transition from a 2-in-2-out ( Fig. 3(e) ) to a 3(1)-in-1(3)-out ( Fig. 3(f) ) configuration of Pr 4f moments below the spin ice correlation scale of 2J ∼ 1.5 K, and with the field polarization of the spins at high temperatures. These are consistent with the linear temperature dependence of the crossover field (Supplemental Fig. S6  [22] ). Close to the crossover field, the MR passes through a minimum and shows a small hysteresis between the up and down sweeps below 2 K.
Below 700 mK where an anomaly was observed in the temperature dependence of ρ xx (0 T) (Fig. 2(b) ), the MR further exhibits an additional kink accompanied by a hysteresis loop around 0 T. This zero field anomaly is very close to the kink found in the bulk caused by the Q = (001) antiferromagnetic order [24] . The fact that this phase can be easily suppressed by a weak field is consistent with the antiferromagnetic ordering.
Magnetic phase diagram due to Pr 4f moments
Summarizing the transport measurements, we construct a magnetic phase diagram mainly governed by Pr 4f moments (Fig. 4) . The Q = (001) order most likely appears only in the low-field and low-temperature regions and can be suppressed by either magnetic field or temperature. The low-field anomaly in MR is due to the suppression of the Q = (001) order in a magnetic field. At low temperatures, the crossover from the 2-in-2-out to the 3(1)-in-1(3)-out configuration is visible as the MR minimum. As expected, the data points on this crossover curve have a linear relationship between temperature and magnetic field (Supplemental Fig. S6 [22] ).
DISCUSSION
Finally, we discuss the origin of the spontaneous Hall effect and its possible relation to a Weyl semimetal phase. Theoretically, in a pyrochlore iridate with a quadratic band touching such as in the present Pr 2 Ir 2 O 7 system, both the cubic symmetry and the macroscopic TRS must be broken for a Weyl semimetal phase to appear [18, 28] . The observation of the spontaneous Hall effect provides strong evidence for the macroscopic TRS breaking. As we discussed, the temperature scale (T H = 50 K) where the spontaneous non-zero Hall resistance appears is too high for Pr moments to form a long range magnetic order or a chiral spin liquid phase. Therefore, it is most likely that the Ir 5d electrons are responsible for the TRS breaking. Recent calculations suggest that thin films may show a magnetic order near the surface or at an interface as the nearest neighbors are lost and the band becomes narrower [27] . The most likely spin configuration is allin-all-out, as this is the only spin order reported to date among pyrochlore iridates [29] [30] [31] and Nd 2 Ir 2 O 7 , which has a slightly smaller band width than Pr 2 Ir 2 O 7 , shows this type of spin order [29] . However, for the system to break the macroscopic TRS, the all-in-all-out state by itself is not enough, and further breaking of the cubic symmetry is required. We thus argue that both preconditions for the spontaneous Hall effect to appear, i.e., the all-in-all-out spin configuration and strain along the [111] direction are fulfilled in the strained parts of the film, as has been pointed out in Ref. [18, 28] . We therefore conclude that these experimental results are consistent with the appearance of the Weyl semimetal phase in Pr 2 Ir 2 O 7 films. As was discussed earlier, the onset of another magnetically ordered state is observed below 700 mK. This most likely comes from the Q = (001) order of Pr 4f moments, as seen in bulk samples [24] . Since this state does not carry a net magnetization and does not macroscopically break TRS, an increase in the spontaneous Hall effect would not be expected. Moreover, this ordered state of Pr 4f moments is stabilized by ferromagnetic (RKKY type) coupling mediated through Ir 5d bands and thus the phenomenon should originate in the relaxed bulk part of the film and not the strained grains where antiferromagnetic correlation stabilizes the all-in-all-out order as discussed above. However, as the bulk part and the strained part are connected physically, the two interactions may compete to suppress the spontaneous Hall effect. This would be the reason why a slight suppression of the spontaneous Hall resistivity is found below 700 mK. Our study demostrates that the thin film fabrication provides a significant route to explore the novel topological phases in correlated oxides.
